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A B S T R A C T
The reinforced concrete cast in place four span deck of a concrete bridge near Roanoke,
Texas, was recently completed. Due to possible construction errors, it was suspected that
the concrete covers in the deck did not conform to drawings and speciﬁcations. A full scale
non-destructive evaluation of the concrete covers was carried out using ground
penetrating radar (GPR) equipment. Cover values were determined from the radargram
generated from the scan. The estimated covers were plotted on contour maps. Migration
data can substitute the drilling based ground truth data without compromising the
concrete cover estimations, except for areas with very high cover values. Areas with high
water content may result in inaccurate concrete dielectric constants. Based on the results,
signiﬁcant retroﬁtting of the bridge deck, such as additional overlay, was recommended.
Published by Elsevier Ltd. This is an open access article under the CC BY license (http://
creativecommons.org/licenses/by/3.0/).1. Introduction
Ground penetrating radar (GPR) is a non-destructive testing (NDT) instrument, generally used for subsurface imaging of
soil, pavement, and concrete and in many other ﬁelds. GPR generates electromagnetic energy pulse and sends it to the
subsurface through a transmitter antenna. The pulse gets reﬂected from various types of targets (rebar, voids, etc.) buried in
soil, pavement or other structural elements. GPR collects the reﬂected signal using a receiver antenna. By using the two way
travel time and contrast in amplitude of initial and reﬂected signal, GPR can produce an image of the subsurface.
Use of GPR in evaluating concrete structures was proposed in early 1990s. GPR has been used to ﬁnd concrete cover and
thickness of bridge deck (Hugenschmidt, 2002). GPR has also been widely used for deterioration mapping of old bridge decks
with great success by Gacunski et al. (2009) and Parrillo et al. (2005). However, using GPR on a newly placed concrete bridge
deck poses some difﬁculty because of the properties of still immature concrete. Normally, a GPR antenna having frequency of
1.6 GHz is used for deterioration mapping of old bridge decks. In this study, a higher frequency antenna was used to account
for the properties of newly placed concrete. The GPR used in this study is from the Geophysical Survey System Inc. (GSSI). The
GPR was used with a 2.6 MHz ground coupled antenna. A ground coupled antenna maintains physical contact with the
ground or scanning surface at the time of data collection. The high frequency of the antenna facilitates in the production of
radar images with higher resolution which is very useful in concrete investigations, especially in clear cover determinationAbbreviations: GPR, ground penetrating radar; AASHTO, American Association of State Highways and Transportation Ofﬁcials.
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Fig. 1. GPR system.
M.I. Hasan, N. Yazdani / Case Studies in Construction Materials 1 (2014) 104–114 105and locating rebars. A typical cart mounted GPR bridge deck scanning system is shown in Fig. 1. This three wheel GPR system
is best suited for scanning short to medium length bridge decks.
2. Materials and methods
The Civil Engineering Department at the University of Texas at Arlington (UTA) was requested to perform a GPR scan on a
newly constructed bridge deck. The bridge deck was constructed on December 2012 and the GPR scan was performed on
January 2013. Initial inspection indicated that some areas of the bridge deck had concrete covers less than the AASHTO
speciﬁed value of 64 mm (2.5 in.) (AASHTO, 2010). So, a thorough GPR scan that covered the whole bridge deck was
necessary before the bridge was opened to trafﬁc. The main objective of this scan was to produce contour maps of the
concrete covers to the upper layer steel reinforcement in the bridge deck. The cover contour map of the bridge would help in
determining if any repair or remedial measures were necessary. The location and a full view of the bridge are shown in
Fig. 2(a) and (b).
The bridge deck investigated herein is located in the City of Roanoke, Texas (Fig. 2(a) and (b)). The bridge has four spans
having lengths of 24.4 m (80 ft), 54.9 m (180 ft), 54.9 m (180 ft) and 36.6 m (120 ft), with a total length of 170.8 m (560 ft),
with a skew angle of 608. The width of the bridge deck is 12.2 m (40 ft) including railings. Fig. 3 shows a schematic diagram of
the bridge deck. Span-1 and Span-4 are resting on prestressed concrete girders, while Span-2 and Span-3 are resting on Steel
girders. There are expansion joints between Span-1 and Span-2 and between Span-3 and Span-4. Span-2 and Span-3 are
continuous.
The GPR scan of the bridge deck was conducted on January 11–12, 2013, by UTA personnel in the presence of highway
ofﬁcials. The scanning consisted of two tasks: (1) drilling exploratory holes on bridge deck to ﬁnd the existing cover in order
to validate the GPR data and (2) bridge deck scan by GPR to produce cover contour maps.
The output of GPR scanning is directly related to accurate input of the dielectric property of concrete. In newly placed
concrete, the dielectric constant is higher than that in mature concrete. High dielectric constant slows down the radar wave
as it propagates through the concrete (Daniels, 2004). On the other hand, radar wave can travel faster in mature concrete
where the dielectric constant is lower. The constant for concrete depends on its component materials, among which water is
the most signiﬁcant. As concrete hardens with time, the water in concrete chemically reacts with the cementitious materials.
So, amount of water in newly placed concrete is higher than mature concrete. Among all components of concrete, water has
the highest dielectric constant of 80 (Daniels, 2004). So, newly placed concrete has a higher dielectric constant which makes
the propagation of radar wave difﬁcult. To overcome this problem, a high frequency (2.6 GHz) radar antenna is used. This
antenna is capable of investigation up to 150–200 mm (6–8 in.) depth from the concrete surface. This capability is sufﬁcient
to produce reliable data for measuring the concrete cover across the bridge deck. The higher radar frequency also means
more accurate data acquisition.
Fig. 2. (a) Location of the bridge (Courtesy: www.maps.google.com). (b) Full view of the bridge.
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2006). Determination of correct dielectric constant is a prerequisite for accurate concrete cover mapping. The GPR data are as
accurate as the concrete dielectric constant. A higher estimation of dielectric constant will result in over-estimation of covers
by the GPR, while a lower estimation of the dielectric constant will result in under-estimation. To predict the actual dielectric
constant, under Task 1, 19 locations on the deck were identiﬁed by an initial GPR scan as possible rebar locations. Holes were
drilled in all spans and GPR data from each span were calibrated using the respective covers. Drill diameter of 25 mm (1 in.)
was used to reach the rebar top surfaces at these speciﬁc locations, proving the accuracy of the rebar location technique of
the GPR system (Fig. 4(a)). The depth of the hole up to the rebar was measured as the existing clear cover (Fig. 4(b)). These
actual covers were used to calculate the actual concrete dielectric constant using the RADAN7 post-processing software that
accompanies the GPR from GSSI. Later on, when the whole bridge deck scan was performed, the actual dielectric constants
Fig. 4. Rebar location check and actual cover data collection. (a) Investigative drilling. (b) Measuring actual cover.
Fig. 3. Schematic diagram of the bridge deck.
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contour maps (Figs. 7–10).
Table 1 shows the number of drills done on each of the four spans.
The dielectric constant of each span was determined by considering the ‘‘ground truth’’ (actual clear cover measured form
drilled holes). The two way travel time (TWTT) was used to ﬁnd the velocity of the radar wave in the concrete between the
top surface and the top of the rebar. The TWTT is the time required for radar wave starting from the transmitter antenna and
coming back to receiver antenna after being reﬂected by the rebar. Once the velocity was found, the dielectric constant for
that drill location was determined by Eq. (1):
v ¼ cﬃﬃ
e
p (1)
where c is the speed of light in vacuum, v is the velocity of the radar wave in concrete and e is the dielectric constant of
concrete.
After the real in situ dielectric constants were found from the drilled holes, another signal processing method called
migration was used to ﬁnd the dielectric constant of concrete using RADAN. Migration is a technique that can indirectly
determine the velocity of the radar wave from the GPR radargram by solving the wave propagation equation in the frequencyTable 1
Number of investigative drills in each span.
Span Length, m (ft) No. of drills
1 24.4 (80) 3
2 54.9 (180) 6
3 54.9 (180) 7
4 36.6 (120) 3
Fig. 5. Radargram before migration (top) and same radargram after migration of the scan (bottom).
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(Fig. 5) and the corresponding radar wave velocities were found from RADAN. These velocities obtained from migration were
used to ﬁnd the dielectric constant. The values of the constant found form investigative drilling and migration of radar
signals are listed in Table 2. The dielectric constant reported in Table 2 is very high because the concrete was comparatively
new, less than 2 weeks old. Because of the young age of concrete, some moisture was expected to be present in the concrete
as the hydration of cement had not completed yet. Furthermore, the bridge deck was sprinkled with water in that morning
for curing before we started the GPR scan. These water contents made the dielectric constant high. As the concrete matures,
the hydration process uses almost all the water in the concrete and the dielectric constant reduces to normal value (Soutsos
et al., 2001). The standard deviation for all the dielectric constants (e) for drilling method and migration method is 2.84 and
1.29, respectively, which is acceptable for most parts of the deck area to keep the cover calculations error within 15%. At the
time of data collection, for a particular span, the average dielectric constant determined by drill depth was used. Table 2
shows that the average dielectric constants determined by drilling are close to the dielectric constants determined by
migration technique. It is apparent that migration can be used as a substitute tool for drilling to determine the dielectric
constant where ground truth data are not available.
However, the average value of the constant, to be used for a particular span, is not representative for all areas of the span;
it needs to be conﬁrmed that the areas with very high and very low covers also have dielectric constant value within standard
deviation limit. This issue is addressed by using the migration technique for these areas of special interest. If the difference in
the dielectric constant is greater than the standard deviation of 2.89 for any particular area of the deck, the clear cover for
that area was recalculated using the modiﬁed value of the constant. This method works very well for areas with low concrete
Table 2
Determination of average dielectric constant in each span.
Span length,
m (ft)
Drill no. Two way travel
time (TWTT, nS)
Drilled cover, mm (in.) Dielectric constant
from drilling
Average
constant
Migration
dielectric constant
Span-1 24.4 (80) 1 1.57 64 (2.5) 13.69 12.4 9
2 1.42 67 (2.625) 10.16 8.99
3 1.55 64 (2.5) 13.35 8.99
Span-2 54.9 (180) 4 1.44 60 (2.375) 12.76 11.7 11.66
5 1.33 57 (2.25) 12.13 9.93
6 1.44 56 (2.1875) 15.05 10.46
7 1.03 64 (2.5) 5.89 8.99
8 0.97 48 (1.875) 9.29 10.46
9 1.16 44 (1.75) 15.26 8.99
Span-3 54.9 (180) 10 1.59 86 (3.375) 7.71 11 13.05
11 1.69 70 (2.75) 13.11 10.45
12 1.25 73 (2.875) 6.56 8.9
13 1.2 50 (1.95) 13.15 8.99
14 1.29 55 (2.18) 12.16 11.04
15 1.48 60 (2.375) 13.48 9.93
16 1.42 67 (2.625) 10.16 12.33
Span-4 36.6 (120) 17 1.07 44 (1.75) 12.98 14.1 11.02
18 1.83 70 (2.75) 15.38 11.75
19 1.9 76 (3) 13.93 11.02
Standard deviation 2.84 1.29
Fig. 6. (a) Layout and direction of scan. (b) Scanning of bridge deck with GPR.
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Table 3
GPR scan parameters.
Horizontal parameters Vertical parameters
Scan/s 92 Sample/scan 512
Scan/unit 24 Bits/sample 32
Fig. 7. Typical GPR scan output of the bridge deck.
M.I. Hasan, N. Yazdani / Case Studies in Construction Materials 1 (2014) 104–114110covers. But for areas with very high covers, where a signiﬁcant presence of water is expected, the migration technique is not
as accurate because the technique did not produce reasonable value of the dielectric constant in those areas. High cover
values in the radargram are a direct indication of slower wave velocity of the radar. Radar wave may slow down if the
dielectric constant is high due to presence of water. So, drilling holes are suggested for areas having concrete covers of more
than 90 mm (3.5 in.).
In Task 2, the four spans were scanned separately. The scan was conducted along the length of each span with a spacing of
0.6 m (2 ft). With a 12.2 m (40 ft) deck width, 19 scan lines were needed for each span. For the overall bridge deck, over
3050 m (10,000 ft) of GPR data for the 170.8 m (560 ft) deck length was generated. First, the bridge deck was carefully
measured and survey lines were marked on the bridge deck. The ﬁrst survey line was at a distance of 0.6 m (2 ft) from the
edge of the deck. Scanning was done as shown in Fig. 6(a) and (b).
The dielectric constants used for scanning each span were obtained from the investigative drilling in Task 1. The other
inputs of the scanning were carefully set to facilitate smooth operation of the GPR scan within a reasonable time. Setting the
resolution of GPR scan too high slows down the speed of scanning and too much data are collected which is not desirable.
Setting the scan resolution too low will speed up the data collection but high quality data cannot be produced. Based on this
criterion, the following input settings were selected, as shown in Table 3.
A typical GPR image of the deck scan is shown in Fig. 7. The inverted hyperbolas are the rebar locations. The horizontal
scale is distance traveled along the bridge deck and the vertical scale is depth of the concrete deck. Distance between the top
of the scan to the top of the hyperbola is the concrete cover. It is noticeable that the measured covers are not uniform along
the bridge deck and almost all of them are less than 64 mm (2.5 in.) in this particular scan.
3. Calculations and results
The raw GPR data collected from the ﬁeld were used to produce cover contour mapping, which is very useful in visualizing
the state of the concrete covers provided across the entire bridge deck. Firstly, the raw data were processed using the
RADAN7 post-processing software (GSSI, 2001). Time zero adjustments and background removal were performed at the ﬁrst
step. The time zero adjustment was done using RADAN. It is important to establish the concrete surface correctly in order to
estimate the concrete cover. The very ﬁrst signal of a scan is called direct coupling. The ﬁrst positive peak within the direct
coupling is the concrete surface. When the scan data are taken in RADAN, it is ensured that the ﬁrst positive peak coincides
with the concrete surface. Travel time of radar wave was measured taking the surface of the concrete as origin or time zero.
FIR and IIR ﬁlter were used to further smooth the data. Then rebars were picked as the maximum positive amplitudes from
the hyperbolic signatures of the scan, as shown in Fig. 8. As mentioned before, the region of high and low concrete covers are
reanalyzed using migration technique to verify that the dielectric constant is within acceptable limit.
Fig. 8. Picking of rebar in RADAN7.
Fig. 9. Clear cover contour map for Span-1.
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lines of scan for each deck span. All cover data were then merged and put on a grid. This grid data were then plotted and cover
contour maps were generated for each of the span. The contours are presented in Figs. 9–12. Locations of exploratory drills
are indicated on the contour maps, where the actual measured covers are mentioned.
In Figs. 9–12 it may be observed that each span has signiﬁcant areas with inadequate concrete cover, among which Span-
4 seems to have the most areas with inadequate covers of less than the AASHTO speciﬁed 64 mm (2.5 in.). Table 4 presents
percentage of deck areas having inadequate covers for each span. This clearly demonstrates inadequate deck constructionTable 4
Percentage of deck area having inadequate cover (less than 64 mm or
2.5 in.).
Span Percentage of deck area with inadequate cover
1 38
2 58
3 24
4 72
Average 48
Fig. 10. Clear cover contour map for Span-2.
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the deck.
In the GPR scan, a bright and narrow hyperbola indicates the presence of a rebar embedded in a properly cured concrete
with low and diminishing water content. This narrow hyperbola also indicated a quicker speed of radar wave into concrete. If
the water content is high in an area, the hyperbola will be blurry and wider in shape. This wider shaped hyperbola indicates
slower speed of radar wave in to concrete. This trend is evident in the bridge deck scans performed herein, a sample of which
is shown in Fig. 13. It may be inferred that the areas that were near the end of each span had higher water content than other
areas. Curing water may accumulate and stay near the expansion joints and cause subsequent increase in water content in
the surrounding concrete. It can be noticed in Figs. 9–12 that most of the largest concrete covers (close to 102 mm or 4 in.)
occurred near the end of the deck spans. This can possibly be due to the presence of high water contents at the span ends,
which increased the dielectric constants locally and resulted in over-prediction of the actual covers.Fig. 11. Clear cover contour map for Span-3.
Fig. 12. Clear cover contour map for Span-4.
Fig. 13. Areas of low and high water content on bridge deck at Span-4.
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The following conclusions may be made based on the ﬁndings from the study reported herein:1. The study reported herein demonstrated well the usefulness of the GPR in quickly and conveniently scan and acquire
concrete condition and cover data, and also post-process and present the data in ways that are easily comprehensible.
Signiﬁcant corrective actions for the bridge deck to rectify the problem, such as additional overlay, are recommended
before opening it to the trafﬁc.2. Contour maps of the concrete covers for the top reinforcement of the bridge deck were produced from the data obtained
by the GPR scan. The contour maps indicate that signiﬁcant portion (48% in terms of area) of the bridge deck had
inadequate covers, less than the AASHTO speciﬁed minimum value of 64 mm (2.5 in.).3. It was observed that in areas of the deck where ground truth data from drilling were not available, the migration data can
substitute the ground truth data without compromising the required level of accuracy of the concrete cover results.4. It was also observed that some areas near the end of the bridge deck spans had higher water content in the concrete. These
areas of high water content cannot produce reasonable value of dielectric constant by the migration method.5. It was assumed that the dielectric constant was uniform from the top of the concrete to the rebar location, which may not
be true for a newly placed concrete. More detailed study is necessary to determine the effect of variable moisture content
M.I. Hasan, N. Yazdani / Case Studies in Construction Materials 1 (2014) 104–114114with respect to depth of concrete and corresponding change in the dielectric constant. The variable proﬁle of dielectric
constant may affect the response of radar waves into concrete.6. For areas with very high covers, where a signiﬁcant presence of water is expected, the migration technique is not as
accurate because the technique did not produce reasonable value of the dielectric constant in those areas. High cover
values in the radargram are a direct indication of slower wave velocity of the radar. Radar wave may slow down if the
dielectric constant is high due to presence of water. So, drilling holes are suggested for areas having concrete covers of
more than 90 mm (3.5 in.)
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